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Abstract 
Sustainability Appraisal (SA) is mandatory under the relevant legislation of UK (DCLG, 2008a) and applies to the 
preparation of Regional Spatial Strategies, Development Plans and Supplementary Planning documents. SA is a 
complex task that involves integration of social, environmental and economic considerations into formal plans and 
often requires trade-offs between multiple stakeholders that may not easily be brought to consensus. Classical 
assessment can facilitate discussion, but these can only partially inform decision makers as many important aspects of 
sustainability are abstract and not quantifiable. Such abstract criteria however can be modelled using a Bayesian 
Network (BN), combining expert opinions, empirical evidence and other information such as model simulation, 
survey etc.  
This paper discusses the work of the URSULA project at the University of Sheffield, in which a participative and 
integrative approach to urban river corridor development, incorporating the principal of sustainability was used. The 
project used a case study site in Sheffield, UK, and three alternative scenarios were developed, incorporating a 
number of possible riverside design features.  Scenarios were fully designed and visualised using a variety of 
different media and a sustainability appraisal was undertaken using a broad range of environmental, social and 
economic indicators. Experts‟ assessment logics were captured through mind mapping and further expert elicitation 
was used to develop an integrated model for SA. The BN approach allows model complexity to be reduced to a level 
appropriate for an assessment process, whilst still taking complex system interactions implicitly into account. The 
integrated SA model is being used to develop better design by optimising different design elements in order to deliver 
an optimum (re)-development plan. 
 
© 2011 Published by Elsevier Ltd. 
 
Keywords: Integrated Modelling; Sustainability Appraisal; Urban River Corridor; Bayesian Network. 
 
* Corresponding author. Tel.: +44-114-222-6294; fax: +44-114-222-5701. 
E-mail address: vikas.kumar@sheffield.ac.uk. 
© 2011 Published by Elsevier B.V. Selection and/or peer-review under responsibility of School of Environment,  
Beijing Normal University. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
688  Vikas Kumar et al. / Procedia Environmental Sciences 13 (2012) 687 – 697704 V. Kumar et al./ Procedia Environmental Sciences 8 (2011) 703–713 
1. Introduction 
In early 2005, the UK launched a new strategy for sustainable development, which set out principles 
through which people can enjoy a better quality of life without compromising the quality of life of future 
generations. The report published by Urban Task Force UK shows how urban regeneration has a crucial 
role to play in delivering that strategy. Done well, urban development can help us live within the limits of 
environmental resources and slow demand for energy and materials through efficiency measures and 
recycling. Done poorly, development can increase pollution, widen social and economic inequalities and 
deprive future generations of environmental assets [1]. Later, Sustainability Appraisal (SA) was made 
mandatory under the relevant legislation of the UK [2] and applies to the preparation of Regional Spatial 
Strategies, Development Plans and Supplementary Planning documents. SA is a complex task that 
involves integration of social, environmental and economic considerations into formal plans and often 
requires trade-offs between multiple stakeholders that may not easily be brought to consensus. Classical 
assessment can facilitate discussion, but can only partially inform decision makers as many important 
aspects of sustainability are abstract and not interlinked. Such interactions can be conflicting or 
synergistic with respect to the different management objectives. Integrated assessment provides an 
opportunity to make planning more efficient with more synergy and less conflict [3] and to identify new 
and innovative solutions that can make urban development more sustainable.  
Integrated assessment (IA) is a structured process of dealing with complex interdisciplinary issues, 
using knowledge from various scientific disciplines and/or stakeholders, such that integrated insights are 
made available to decision makers. The Integrated Assessment Society defined  IA as “Integration of 
knowledge from different disciplines with the goal to contribute to understanding and solving complex 
societal problems that arise from the interaction between humans and the environment and to contribute 
in this way to establishing the foundation for sustainable development. Modelling and participatory 
processes should include stakeholder groups and the public at large”. IA is based on combining, 
interpreting and communicating knowledge from diverse scientific disciplines to policy in such a way that 
an entire cause–effect chain of a problem can be evaluated from a synoptic perspective. Integrating a 
broader set of studies, approaches and points of view coming from different scientific areas interacting 
among each other provides more and better information on the issue assessed than single disciplinary 
studies added up. Such an integrated assessment tool can be developed using a Bayesian Network (BN), 
combining expert opinions, empirical evidence and other information such as model simulation, survey 
etc. The BN approach is based on a directional graph representing cause-effect relationships in the system. 
These relationships are specified as conditional probabilities, which can be derived from empirical data or 
model simulations, or elicited from experts [4, 5].  
2. Project Description 
An interdisciplinary research project called URSULA (Urban River Corridors and Sustainable Living 
Agendas, www.ursula.ac.uk), at the University of Sheffield (UK), is attempting to demonstrate some of 
the multiple benefits that can be achieved through integrated and innovative (re)-development in urban 
river corridors.  The project team has developed a participative and integrative approach to urban riverside 
design and development, incorporating the principles of sustainability. The conceptual framework and key 
phases in the URSULA process are outlined in Figure 1. In the URSULA project, integrated assessment is 
used in urban planning to assess policy and design issues under a holistic approach. Integration is aimed to 
be achieved in a vertical and/or horizontal sense. Vertical assessment considers all aspects of a single 
issue (for urban water management, or adaptation to climate change), aiming at the assessment of a 
comprehensive issue of planning and policy. Horizontal integration considers all aspects of one sector 
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(specific city area, particular city, a region, or a system consisting of rural catchment and urban area) 
aiming at an assessment of comprehensive sectorial or regional policies. 
The project has investigated a number of possible design interventions for a case study site in central 
Sheffield, UK. The study site is an 11.3 ha urban area adjacent to a river and is subject to a major 
regeneration plan. Three alternative scenarios have been designed and visualised by the project team using 
a variety of different media. A sustainability appraisal has been undertaken using a broad range of 
environmental, social and economic indicators [6]. For background information regarding the site and full 
details of the designs please refer to [7]. 
Future steps in the design process will be to use the results of the assessments to identify an „optimal‟ 
solution, which will be presented to stakeholders for final validation and assessment. This paper will 
discuss integrated model development in which a participative and integrative approach to urban river 
corridor development, incorporating the principal of sustainability, was used. Some preliminary results for 
the different scenarios will be presented and discussed within the context of sustainability in planning, 
design and appraisal.   
Fig.1. Conceptual framework and key phases in the URSULA integrated design and development process. 
3. Integrated Model  Development for Sustainability Appraisal  
The Integrated model for URSULA (URSIM) is implemented as a Bayesian Belief Network (BN). A 
BN is a graphical cause-effect network, where variables are linked together according to their 
dependencies [8]. Associated with each variable is a conditional probability table (CPT), which specifies 
how this variable is affected by its influencing variables. The CPTs can be derived from data, external 
model results or expert knowledge, which provides the opportunity to integrate and combine information 
from different sources in one model. The BN can be built to any level of detail and thus allows us to 
simplify complex relationships. Further advantages of the BN approach are that uncertainties in model 
predictions can be explicitly considered, and rapid scenario analyses can be performed [9]. The explicit 
consideration of uncertainties is an important challenge to decision making, particularly in the complex 
systems involved in sustainable urban development. 
The URSIM model development is accomplished in seven major steps: 
3.1. Identification of criteria to represent relevant aspects the sustainability objectives:  
The most common approach used in sustainability appraisals is to utilise some form of the principles-
objectives-criteria-indicators-attributes (POCIA) model [10]. This framework is a common means of 
taking the complex concept of sustainability and breaking it down into manageable and usable 
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components, which can be assessed more easily. A full range of environmental, social and economic 
indicators were identified and refined for use in a sustainability appraisal (Table 1).  These were adapted 
from a list of sustainability objectives produced by Sheffield City Council [11] and reflect local and 
national priorities and guidelines. 
Table 1. List of 15 sustainability objectives assessed by experts (adapted from [11]) 
1 Supporting business, growth and investment 
2 Uplifting property values 
3 Achieving return on investment 
4 Decent housing available to everyone 
5 Conditions and services which engender good health and wellbeing and provide leisure and recreation opportunities for all 
6 Safety and security for people and property 
7 Land use patterns that minimise the need to travel or which promote the use of sustainable forms of transport 
8 Efficient use of land which makes good use of previously developed sites and buildings 
9 A quality built environment 
10 Historic environment and cultural heritage protected and enhanced 
11 Quality natural landscapes maintained and enhanced / created 
12 Wildlife sites and biodiversity conserved  and enhanced 
13 Water resources protected and enhanced 
14 Minimal risk to human life and property from flooding 
15 Prudent and efficient use of energy and resilience to climate change 
3.2. Development of conceptual cause-effect networks around each identified index variable:  
A wide range of experts and stakeholders were invited to participate in the assessment process.  
Experts examined the proposals using a variety of different information and media.  They then scored the 
current situation and the three redevelopment scenarios for selected sustainability indicators, based on 
their area of expertise. This was a classical approach to sustainability assessment based on subjective 
scoring of different scenarios on a 9-point scale, from 1 (very poor) to 9 (very good), with 5 indicating an 
average score.  At the end of the sustainability assessment experts took part in an exercise to determine 
how these decisions were reached and to identify which elements were important in determining each 
sustainability objective. They were quizzed on the scoring criteria and logic they used for assessing 
particular sustainability criteria. This process was used to derive a conceptual network of sustainability 
criteria depicting the process of cause and effect relationships. We call this exercise “mind mapping” with 
the conceptual network as a series of mind maps.  
3.3. Integration and simplification of conceptual sub-networks:  
There were a number of experts involved for each sustainability criteria and each expert produced their 
own version of a mind map. To get the final network for each sustainability criteria, the conceptual 
models needed to be simplified and integrated. To do that, cause-effect links and variables with minor 
relevance were excluded, as well as links and variables that cannot be influenced through any of the 
management actions (or design variables for master planning) under consideration. Other links and 
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variables that were excluded from the network are those that cannot be specified due to insufficient data 
and knowledge. A fundamental step here is to reach an agreement on the structure of a simplified network 
that can finally be implemented as a BN. Experts involved in the process were consulted to get their 
feedback and build consensus on the final mind map.  The Figure in Appendix A shows the process of 
integrated conceptual model development. 
3.4. Classification and specification of model variables:  
After finalisation of conceptual sub-models for each criteria, system or design variables used in the 
models were defined based on empirical knowledge or experts‟ advice. Variables were also classified into 
three broad categories of High, Medium and Low, or other terms appropriate for the individual variables 
were used. These categories were also defined with context specific knowledge.  
3.5. Integrated Model: Merging of sub-networks  
Once the different sub-models are specified, they were merged into the overall integrated model for 
URSULA. Figure in Appendix B shows the graphical representation of the integrated model developed as 
a Bayesian Network. 
3.6. Knowledge elicitation 
Knowledge elicitation is the process of making implicit (not tacit) knowledge explicit - helping experts 
recall, test and refine their rules-of-thumb, heuristics and past experiences. Before starting the probability 
elicitation process, experts have to agree with the model structure, the definitions of the variables and the 
variable discretisation. For this project, knowledge was elicited from the same experts involved in the first 
phase of the sustainability appraisal and mind mapping exercise. There were 26 experts in total covering a 
wide range of subject areas including ecology, water science, planning, development, urban design, 
engineering, social science, and history. Professional sectors represented were environmental 
consultancies, local government, university, third sector organisations, and business.  Approximately 70% 
of the experts were familiar with the city of Sheffield, and 50% were familiar with the study site.  Thus a 
broad range of backgrounds and perspectives were included. For knowledge elicitation we applied a 
modified version of the relative weight and compatible probability method proposed by Das [12] to 
reduce the number of questions to be asked and thus the elicitation effort. Thereby we consider system 
nonlinearity that is characteristic of natural systems by eliciting special cases when influencing variables 
are critical and produce threshold responses. The elicited probabilities were checked for inconsistency and 
median values of combined probabilities were used to train the Bayesian Network model. 
3.7. Model testing and evaluation:  
The URSIM model was tested by evaluating different design scenarios developed for the URSULA test 
case. The model input variables were scored by project experts independently for each scenario and used 
as input for the model to evaluate each scenario. Final scores were compared with previously obtained 
scores by traditional sustainability appraisal approach using experts‟ assessment. Currently URSIM is 
being used to produce final optimum designs for the URSULA test case which will be used for final 
validation of the model through consultation with experts to verify the plausibility of model outcomes and 
its usefulness.  
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4. Results & Discussion 
Results of the expert assessment of Sustainability Appraisal for the three re-development scenarios are 
shown in Fig 2-A. Results from the integrated model assessment for the three re-development scenarios 
are shown in Fig 2-B. It was difficult to compare the scores between the two methods directly as the 
expert assessment was scoring change with respect to the “as is” situation (relative score), whereas the 
model provides an absolute score for each scenario.  But we can compare the pattern of the results which 
are remarkably consistent. Expert assessment was based on scoring metrics of 1-9 (as explained in section 
3.2) whereas model assessment produces results as a probability distribution over three class of high, 
medium and low (Fig 3). Conversion of this distribution to the single point score has been done as 1:0.5:0 
(High:Med:Low) then normalised on scale of 9.   The Council and Street scenarios achieved a broadly 
similar pattern of results across the set of sustainability indicators, although the Street and flood scenario 
scored consistently higher for most of the indicators. The Council scenario scored particularly poorly for 
natural landscapes and biodiversity, where it was judged to be moderately detrimental compared to the 
current situation. Council and Street scenarios scored highly for the economic indicators (business, 
property values, and return on investment) in both expert and model assessment; however the flood 
scenario scored close to the other scenarios for the economic indicators in the case of model assessment.  
The Flood Channel scenario presents a very different pattern of results reflecting its radical departure 
from the current situation or the other scenarios.  It scored relatively less for all three economic indicators 
in the expert assessment whereas it scored high in the model assessment.  It was considered to be 
detrimental to the historic environment and cultural heritage, as it removes some historic features and 
radically alters the character of the area and both expert and model predicted similar scores.  On the other 
hand, the flood scenario scored very highly for most environmental indicators, especially „natural 
landscapes‟ and „wildlife sites and biodiversity‟, where it achieved much higher scores than the other 
scenarios.  The flood scenario was the highest scoring scenario for 7 of the 15 indicators in expert 
assessment whereas street scenario was the highest scoring scenario with 8 out of 15 indicators and flood 
scenario with 5 out of 15 indicators in the model assessment. 
Integrated modelling for sustainability appraisal proved to be consistent with the expert assessment 
process. It has proved to be successful in integrating knowledge from different disciplines. The 
sustainability appraisal has highlighted that alternative designs for the same area can achieve very 
different results.  The appraisal also provides a useful means of highlighting positive and negative aspects 
of each design.  By addressing these issues at the early stages of project design, improvements and 
modifications can readily be incorporated, well before major financial commitments have been made.  In 
addition the appraisal highlights that by carefully considering design in (re-)development proposals 
sustainability can be increased substantially. For example, by orientating buildings carefully, and 
integrating features such as stepped building height and integrated urban water management elements into 
building and site design, it is possible to enhance not only energy efficiency, resilience to climate change, 
and water resources, but also potentially improve social and economic factors and the overall quality of 
the built environment. 
Deciding upon the „optimum‟ scenario following sustainability appraisal remains a contentious issue.  
However integrated modelling can prove to be useful in developing optimum scenario.  
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Fig. 2. (A) Results of the sustainability assessment for three alternative re-development scenarios;  (B) Normalised results of the 
sustainability assessment using URSIM for three alternative re-development scenarios. Scores range from 1 (substantial detriment) 
to 9 (substantial improvement), with a score of 5 (highlighted in bold) indicating that the scenario is neutral compared to the current 
situation 
5. Application of URSIM for optimum scenario development 
Traditional, perception based qualitative sustainability assessment of development plans can fail to 
provide proper feedback for optimum scenario development.  For example, the perception of greenery and 
assessment of biodiversity often differ from what is actually on the site. Similarly there is still a 
perception that economic criteria are paramount in decision making.  However, an integrated assessment 
tool for sustainability appraisal with logical links to design variables can highlight important factors which 
might affect different sustainability criteria. Indeed, a carefully planned and managed urban river corridor 
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can provide multiple social, environmental and economic benefits to society.  Carefully designed 
buildings and open spaces will reduce the carbon footprint of urban areas, reduce flood risk, enhance 
community cohesion and stability, and improve both aquatic and terrestrial habitats and biodiversity.  In 
addition, the potential economic benefits are considerable.  Direct economic benefits occur through 
increased land prices, reduced costs associated with flooding, and reduced building running costs.  
Multiple indirect benefits can be achieved through the establishment of a happier and healthier society.  
Use of URSIM for optimum design development is possible because of the interconnection of different 
design variables to the sustainability criteria. We believe that by optimising the value of different design 
variables an optimum design can be achieved. However this is not an easy process as many of the design 
variables in the models are qualitative in nature and it is often difficult to optimise them based on 
subjective perception. For example, perception of safety, which is very difficult to optimise as a direct 
design variable is indirectly affected by some other design variables. In URSIM, perception of safety is 
logically affected by “level of activities”, “active frontage”, and “% of empty property and derelict site” 
etc. which are easy to quantify.  
 
 
Fig. 4. (A) Results of the sustainability assessment using URSIM for three alternative re-development scenarios; (B) Sensitivity 
analysis showing design variables sensitivity for Natural Landscape 
6.  Conclusion  
An integrated model for sustainability appraisal for urban planning and redevelopment was developed 
based on a novel approach of integrated model development. A set of sustainability criteria were refined 
and used in an expert appraisal, to assess the economic, social and environmental performance of the 
scenarios. Three different scenarios were developed to examine alternative urban riverside design features, 
which were assessed by experts and assessment logic and structural knowledge elicitation used to develop 
the URSIM model. The three scenarios were assessed separately using the URSIM model. Expert 
assessment scores were used to validate the URSIM model.  Further sensitivity analysis has helped to 
identify important design variables for each sustainability criteria. Modifications that enhance 
sustainability can now be incorporated into the final design, highlighting the importance of addressing 
sustainability early in the design process [13, 14]. The stepwise structured model development approach 
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provides the possibility to develop the integrated model at different levels of detail, if more detailed 
information was needed (e.g. incorporating spatially explicit or design detail information).  
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